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Abstract: The present study involved the bio-fabrication of silver nanoparticles (AgNPs) by using the
Euphorbia helioscopia L. leaves aqueous extract to improve the production of secondary metabolites
in industrially important sunflower (Helianthus annuus L.) plants. Phyto-fabrication of AgNPs
was confirmed by using spectrophotometry, SEM imaging and X-ray diffraction analysis. The
morphological and optical characterization manifested that the AgNPs are crystalline and exist in
the size range of 30–100 nm. Various concentrations (10, 20, 40, 60, 80 and 100 mg/L) of AgNPs
were applied in combinations on sunflower seeds and crop plants. The effects of biosynthesized
AgNPs were evaluated for agro-morphological parameters (plant height, flowering initiation and
seed weight), biochemical metabolites (chlorophyll, proline, soluble sugar, amino acid and protein
contents) and enzymatic activities (superoxide dismutase and ascorbate peroxidase) in sunflower and
60 mg/L concentration of AgNPs on sunflower seeds and foliar sprays on plants in combination were
found to be effective to elicit biochemical modifications to improve secondary metabolites. It was also
observed experimentally that 60 mg/L concentration of AgNPs improved the biochemical, fatty acid
and enzymatic attributes of sunflower plants, which in turn improved the plant agro-morphological
parameters. Near-infrared spectroscopic analysis results confirmed the improvement in the seed
quality, oil contents and fatty acid composition (palmitic acid, oleic acid and linoleic acid) after the
applications of AgNPs. The findings of the present investigation confirm the exogenous applications
of bio-fabricated AgNPs in combinations on seeds and plants to improve the plant yield, seed quality
and secondary metabolite contents of the sunflower plants.
Keywords: silver nanoparticles; agro-morphological parameters; enzymatic activities; biochemical
analysis; secondary metabolites
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1. Introduction
The demand for food is increasing with every passing year because of the drastic
increase in the world’s population. It is estimated that the world’s population will reach
9.2 billion people at the end of 2050 [1–3]. This rapid increase in the population will require
a 70% increase in the world’s agricultural production to meet the growing demand for
food, compared with today’s levels. To ensure food security, there must be a rapid increase
in the improvement and the production of crop plants [4,5].
Nanotechnology has a huge potential to improve agricultural practices and crop
production. It has been shown that different nanomaterials have been applied to the
plants to increase the production of plants’ biomass and yield. Tremendous applications of
nanotechnology attracted the scientific community to take special initiatives to promote
the agriculture industry [6,7]. Metal nanoparticles, nonmetal materials, carbon nanotubes
and magnetic particles are various types of nanomaterials that are employed for the
improvement in the physiological and biochemical properties of important crop plants [8,9].
Among these nanomaterials, silver nanoparticles (AgNPs) have been used extensively
to improve agricultural and industrial products for the past few decades. AgNPs have
the potential to trigger the growth of plants; enhance secondary metabolism to produce
higher amounts of phenolics and flavonoids, fatty acids and lipids; and enhance other
morphological parameters, such as shoot length, flowering and seed yield. Looking at the
immense need to bridge the gaps related to sunflower yield and the important features of
AgNPs, this study was designed to investigate the effects of AgNPs on the growth, seed
quality, oil yield and secondary metabolism of the sunflower plant [2,10].
Helianthus annuus (sunflower) is one of the important food plants that belongs to
the family Asteraceae and plays a very important role in meeting the food demands and
fulfilling the nutritional requirements [7]. H. annuus is mainly harvested as an oilseed crop
that yields oil in the proportion which is 40–50% of the total dry mass of the plant. H. annuus
was introduced in Pakistan ca. 40–50 years back by the Pakistan Agriculture Research
Council (PARC) because the environmental conditions of the country are favorable for
the cultivation and it can be grown twice a year to fulfill the demand for vegetable oil
in Pakistan. Sunflower oil is rich in important fatty acids such as linoleic acid (55–70%)
and oleic acid (20–25%). Oleic acid has monosaturated omega-9 fatty acids, which help to
reduce the risk of heart attack by converting the low-density lipoproteins to high-density
lipoproteins [11,12]. Oleic acid also helps in oil stability, reduces oxidative stress and works
as a preservative. The sunflower plants have higher contents of poly-saturated fatty acids
(31%) as compare to sesame (25.5%), flax (22.4%), cottonseed (18.1%), peanut (13.1%) and
soybean (3.5%) [13,14].
Furthermore, due to the presence of phytochemicals such as phenolic compounds,
antioxidants, poly-saturated fatty acids, the sunflower is also considered an important
medicinal plant and has nutraceutical value. Its seeds are used for the treatment of different
diseases such as chest infection, cold, heart diseases, chronic pulmonary infection and
pertussis [15–17]. Oleic acid suppresses the effect of the Her-2/neu gene which involve in
the formation of breast cancer [18].
However, the acreage and production are always varying due to various production
constraints such as climate and economic constraint. This ultimately fails to cope with the
increasing demand. For instance, the production was 338,000 tons compared to the demand
for this oilseed crop that was 1,262,000 tons during the year [5,19,20]. The above review
provides the baseline information to use nanotechnological tools to improve productivity
and enhance the contents of the secondary metabolites of the sunflower plants. Herein
we report the exogenous applications of AgNPs on Helianthus annuus seeds and plants to
improve the quality of the seed, oil contents, fatty acids, agro-morphological parameters
and the secondary metabolites.
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2. Materials and Methods
2.1. Biogenesis of AgNPs by Using Aqueous Extract of Euphorbia Helioscopia
The young leaves of Euphorbia helioscopia were used for the biosynthesis and the
stabilization of AgNPs. Fresh plant leaves of E. heliopscopia were collected from wild plants
growing freely in the gardens of PMAS-Arid Agriculture University, Rawalpindi Pakistan
(33◦38′52.9” N 73◦04′52.1” E). For this purpose, 10 g of E. helioscopia leaves were washed
with the distilled water to remove the dust particles and then dried at room temperature.
After that, the leaves were crushed and mixed with 100 mL of distilled water. The plant
aqueous extract was prepared by heating the plant material in water for 20–25 min at
45 ◦C. The plant aqueous extract was filtered thrice to remove debris and then refrigerated
at 4 ◦C for further use. Then 2 mg of AgNO3 was added in 500 mL of distilled water
(23.55 µM). The 10 mL of plant aqueous extract was mixed with 500 mL of AgNO3 and
agitated by using a magnetic stirrer until the color of the reaction mixture turned dark
brown. The synthesis of the AgNPs was confirmed by measuring the absorbance of the
colloidal mixture by using a UV–Visible spectrophotometer (Beckman DU-640, Missouri,
TX, USA) in the range of 200 to 800 nm of the light wavelength [21].
2.2. Morphological and Optical Characterization of AgNPs
Different analytical characterization techniques were used to confirm the synthesis of
AgNPs, as well as to determine their size and crystal structure. The UV–visible spectropho-
tometry (Beckman DU-640) was used to confirm the synthesis of AgNPs. The absorbance
of the light in the reaction mixture was recorded in the range of 200 to 800 nm of the
light wavelength [22].
The scanning electron microscope (SEM) (JSM-7610F Plus, Tokoy, Japan) was used
to determine the size and morphology of AgNPs. The sample was prepared by simply
dropping the colloidal suspension of AgNPs on a carbon-coated copper grid. The residues
were removed by using the blotting paper, and the sample was left to dry for 5 min, under
a mercury lamp [23].
The crystalline nature of the AgNPs was confirmed by using the X-ray diffraction
(XRD) (Bruker D2 Phaser, Coventry, UK) analysis with the monochromatic Cu-Kα1 radia-
tion at a 2θ angle between 30◦ and 80◦ [24].
2.3. Treatment of Sunflower Seeds with AgNPs
The biosynthesized AgNPs were applied exogenously on the seeds and the plant
body of H. annuus for in vitro analysis. The plants were grown in the greenhouse to
study the effects of phyto-synthesized AgNPs on different physiological and biochemical
aspects of the sunflower. Three sets of experiments were arranged that were having further
treatments: (i) seeds treatment with various concentrations of AgNPs, (ii) foliar spray of
AgNPs on plant body, and (iii) both seed treatment and foliar spray. For this purpose,
the seeds of a specific variety (PARSUM-3) were obtained from the National Agriculture
Research Center of Pakistan. The seeds were soaked in different concentrations (10, 20, 40,
60, 80 and 100 mg/L) of the AgNPs, while the control seeds were treated with the distilled
water. Three seeds were used for each treatment and were soaked in 10 mL of colloidal
AgNPs suspension for 24 h. The colloidal AgNPs solution was sonicated for a few minutes
before their application on sunflower plants and seeds. The plants were harvested after
ca. 60 days from each pot to examine the agronomical, morphological, biochemical and
enzymatic effects of AgNPs on the sunflower plant. In the next experimental treatment, the
first foliar spray was applied on plants at the flowering stage after 30 days of the seeding
stage, while the second foliar spray was applied on sunflower plants when the flowers
were fully emerged and grown with the gap of 30 days after the first foliar spray. Each
plant with a different treatment received a different concentration of AgNPs. AgNPs were
diluted to 500 mL of distilled water and were used as a foliar spray.
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In the next experimental setup, both foliar sprays and seed treatments were given to
the plants simultaneously to study their synergistic effects. The complete treatment layout
is given in Table 1.
Table 1. Treatment layout of the study.
Treatment Treatment Description Concentration
T0 Control 0 mg/L
T1 Seed treated 10 mg/L
T2 Seed treated 20 mg/L
T3 Seed treated 40 mg/L
T4 Seed treated 60 mg/L
T5 Seed treated 80 mg/L
T6 Seed treated 100 mg/L
T7 Seed treated + Foliar spray 10 mg/L
T8 Seed treated + Foliar spray 20 mg/L
T9 Seed treated + Foliar spray 40 mg/L
T10 Seed treated + Foliar spray 60 mg/L
T11 Seed treated + Foliar spray 80 mg/L
T12 Seed treated + Foliar spray 100 mg/L
T13 Foliar spray 10 mg/L
T14 Foliar spray 20 mg/L
T15 Foliar spray 40 mg/L
T16 Foliar spray 60 mg/L
T17 Foliar spray 80 mg/L
T18 Foliar spray 100 mg/L
2.4. Agro-Morphological Evaluation of Plants Treated with AgNPs
The plants treated with AgNPs were collected after ca. 60 days of treatment and ana-
lyzed for the change in agro-morphological parameters, including initiation of flowering,
shoot length, seed weight, number of filled seeds, number and weight of unfilled seeds,
and flower-head diameter. Experiments were performed in a triplicate manner.
For the determination of flowering initiation, the number of days the plant took till
the production of early flowers was noted for each treatment. The count was made based








where the Max Temp and Min Temp stand for the average of the daily maximum and
minimum temperatures, respectively.
Furthermore, the height of the plant was measured as the shoot length of the plant by
measuring the average length from the surface to the tip of the plant in centimeters (cm).
Similarly, seeds were harvested for each replicate and dried at a temperature of 30 to 40 ◦C.
A hundred seeds were counted and weighed (gram) by an analytical balance. The volume
weight of seeds per 100 milliliters was also measured. Further, the number of seeds filled
inside, as well as those unfilled, was counted. The head diameter of the sunflower from
each replicate was measured by using the ruler in centimeters (cm).
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2.5. Antioxidant Enzymatic Activity Measurement of the Plants Treated with AgNPs
2.5.1. Superoxide Dismutase (SOD) Assay
A total of 0.5 g of the sunflower leaves was crushed in 10 mL of phosphate buffer
(50 mM, pH 7.8) and centrifuged at 6000 rpm. Then 0.1 mL of the supernatant was taken in
the test tube and added with 13 mM of methionine (0.8 mL), 75 M of nitro blue tetrazolium
(0.5 mL), 0.1 mM of EDTA (0.7 mL) and 2 M of riboflavin (1 mL) to make the total volume
of 3 mL. This reaction mixture was placed under a fluorescent lamp (30 W) for 30 min and
then in the dark for 10 min. The absorbance of the sample was recorded at 560 nm by using
the spectrophotometer (Beckman DU-640, USA). The activity was expressed as a unit per
minute per mg of protein. The following formula was used for the quantification of the
SOD activity [25]:
SOD =
Absorbance of Sample × k Value × Dilution Factor
Weight of Sample
2.5.2. Ascorbate Peroxidase (APx) Assay
A total of 0.5 g of the crushed sunflower leaves was mixed with 50 mM of potassium
phosphate (pH 7) (5 mL) and centrifuged at 6,000 rpm to collect the supernatant. Then
0.1 mL of the supernatant was taken and added with 0.5 mM of ascorbate (0.5 mL), 0.1 mM
of hydrogen peroxide (0.2 mL) and 0.1 mM of EDTA (0.3 mL) to make the total volume
of 1 mL. The absorbance of the reaction mixture was recorded at 290 nm for 10 to 30 s
after adding hydrogen peroxide. The results were expressed as unit per minute per mg of
protein. The APx activity was calculated according to the following formula [26]:
Enzyme Activity =
∆Abs× Total Assay Volume
∆t× ε× l× Enzyme Sample Volume
where absorbance coefficient (ε) = 2.8 mM−1 cm−1, and the diameter of the cuvette = 1 cm.
2.6. Biochemical Parameters of the Plants Treated with AgNPs
2.6.1. Determination of the Chlorophyll Contents
The Chlorophyll content of the plants treated with AgNPs was determined according
to the protocol of Reference [27]. A total of 0.5 g of leaves were washed with the distilled
water and crushed in 5 mL of ethanol. The clean sand was added to facilitate the extraction
process. The extract was filtered, and the absorbance was measured at 663, 645 and 652 nm
for chlorophyll a, chlorophyll b and total chlorophyll content determination.
2.6.2. Determination of Proline Contents
To determine the quantity of the proline, the protocol of Reference [28] was followed.
A total of 0.5 g of the plant material was crushed in 10 mL of 3% sulfosalicylic acid and the
mixture was filtered twice by Whatman filter paper. After this, an equal volume (2 mL)
of filtrate, acid ninhydrin and glacial acidic acid were mixed and placed in a water bath
for one hour at 100 ◦C. The test tubes with samples were placed in an ice bath to quench
the reaction, and 4 mL of toluene was added for the extraction of the reaction mixture,
followed by shaking the test tube for 15 to 20 s and then cooling at room temperature. The
absorbance of the reaction mixture was recorded at 520 nm of the light wavelength, and
the proline content was calculated according to the following formula:
Sample Absorbance×Dilution Factor× k Value/ Fresh Weight of the Plant
2.6.3. Determination of Soluble Sugar Contents
For the quantification of the soluble sugar in the sunflower plants treated with AgNPs,
0.5 gm of leaves were crushed into 90% of ethanol and distilled water was added to make
the total volume at 25 mL. In the next step, 1 mL of 5% phenol and 5 mL of concentrated
sulfuric acid were added to the supernatant. The absorbance of the reaction mixture
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was measured at 485 nm of the light wavelength, and the quantity of soluble sugar was
calculated by using the following formula [29]:
Sample Absorbance×Dilution Factor× k Value/ Fresh Weight of the Plant
2.6.4. Determination of Free Amino Acid Contents
The protocol of Reference [30] was followed for the determination of free amino acid
content (FMA). A total of 0.2 gm of the plant extract was crushed in 10 mL of phosphate
buffer. The reaction mixture was prepared by adding 1 mL of supernatant, 1 mL of 10%
pyridine and 1 mL of 2% ninhydrin solution. The absorbance was recorded at 570 nm of
the light wavelength.
2.6.5. Determination of Total Protein Contents
For the determination of the total protein content, the protocol of Reference [1] was
followed. A total of 0.5 g of the leaves were crushed in 10 mL of phosphate buffer and
centrifuged, followed by the addition of 3 mL of Bradford reagent (five times diluted) in
0.5 mL of supernatant. The absorbance of the reaction mixture was measured at 595 nm
of the light wavelength, and the total protein content was determined according to the
following formula:
Sample Absorbance×Dilution Factor× k Value/ Fresh Weight of the Plant
2.7. Determination of the Oil Content and Fatty Acid Composition of the Plants Treated
with AgNPs
For the determination of biochemical effects of AgNPs on seed quality, the oil content
and fatty acid composition were analyzed through near-infrared spectroscopic (NIRS)
analysis (6500, Foss NIR Systems Inc., Silver Spring, MD, USA). One hundred seeds from
each treatment were collected for the determination of seed oil and fatty acid contents. For
the analysis, the husk of the seeds was removed by a knife and then crushed. Ca. 5 mL
of diethyl ether was added to the 1 g of crushed seeds in a small container, by shaking at
regular intervals for five hours. In this way, the solvent was evaporated, and the oil was
extracted. By using the NIRS scanning, the reflectance spectra were taken at the wavelength
of 400 to 2,500 nm, at an interval of 2 nm. The oil was scanned by adding 2 or 3 drops of
oil on the glass fiber disk. The oil content and fatty acids, such as oleic acid, linoleic acid
and stearic acid, were measured from the NIRS calibration equation, and the spectra were
taken between 1,100 and 2,500 nm (Perez et al., 1998). The oil contents were determined
by nuclear magnetic resonance, and fatty acid composition was determined by gas-liquid
chromatography [11,13].
2.8. Data Analysis
The experiments were performed in triplicate. The standard deviation and the mean
of the results were used to draw graphs and charts. Statistix® 8.1 was used for the statistical
analysis. The analysis of the variance (ANOVA) was used to determine the statistical signifi-
cance of the results, and p < 0.05 was considered a significant difference. Duncan’s multiple
range test was used to determine the significance of the difference among treatment groups.
3. Results and Discussion
3.1. Phyto-Synthesis of AgNPs
Phyto-synthesis of the AgNPs has advantages over routine physical and chemical
methods of synthesis. The use of the reducing and stabilizing abilities of the plant sec-
ondary metabolites result in the synthesis of biocompatible nanoparticles which have
potential functional groups that originate from the plant secondary metabolites to reduce
the toxic effects of nanomaterials. Plant secondary metabolites also function as a catalyst
and play a contributing role to accelerate the rate of reduction of bulk Ag into Ag0 [3,31].
Herein we report the green synthesis of AgNPs by using the reducing, stabilizing and
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catalyzing abilities of Euphorbia helioscopia leaves aqueous extract. Change in the color of the
reaction mixture from light brown to dark brown or tea color was considered as an initial
sign to report synthesis. The synthesis was confirmed by observing a characteristic surface
plasmon resonance (SPR) band in between 200 and 800 nm of the light wavelength, while
the highest peak was observed at 420 nm to confirm the synthesis (Figure 1A). The SPR
band is a response of the oscillating electromagnetic light waves in coordination with the
vibrating nanoparticles in the colloidal suspension [32]. The yield percentage of the AgNPs
synthesis reaction was measured (85%) by dividing the collective mass of the synthesized
AgNPs by the mass of Ag used to initiate the synthesis reaction. In the latter experiments,
the bio-fabricated nanoparticles were applied exogenously on the Helianthus annuus plants
and seeds to enhance the secondary metabolites, oil contents and fatty acids of the econom-
ically important sunflower plants and to comprehensively study the effects of the AgNPs
on morphological/agronomical, physiological and enzymatic/biochemical parameters.




Figure 1. Morphological and optical characterization of bio-fabricated AgNPs: (A) UV–visible spectrum, (B) SEM image 
analysis and (C) XRD analysis. 
3.2. Physical and Optical Characterization of AgNPs 
The structural and optical characterization of AgNPs was performed by using vari-
ous analytical characterization techniques such as SEM and XRD analysis. SEM analysis 
showed a detailed 3D image of the AgNPs surface with a high magnification of 50,000 at 
10 kV. The SEM images revealed that the nanoparticles are spherical and anisotropic while 
some nanoparticles were observed irregular in shape (Figure 1B). The SEM images also 
confirmed that the nanoparticles are less than 100 nm in the size range. 
The crystalline nature of the AgNPs was confirmed by performing the XRD analysis 
of the powdered sample. The peak pattern and the diffraction phase angle of the phyto-
synthesized AgNPs are given in Figure 1 C. The diffraction peaks were observed at the 
angle of 38°, 44°, 64° and 77°, which are analogous to (111), (200), (220) and (311) Miller 
indices, respectively. The XRD analysis exhibit sharp peak patterns that indicate the pres-
ence of AgNPs in the sample. Our results are according to the previously published liter-
ature [24]. 
3.3. Agro-Morphological Parameter of Sunflower Plants Treated with AgNPs 
Greenhouse experiments were performed to assess the effects of AgNPs on sun-
flower plants’ morphological parameters. In the current study, the exogenous applications 
of AgNPs on the sunflower seeds increased the plant height to 111 cm when a 60 mg/L 
concentration of AgNPs was used to treat seeds. The minimum plant height (70 cm) was 
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analysis and (C) XRD analysis.
3.2. Physical and Optical Characterization of AgNPs
The structural and optical characterization of AgNPs was performed by using various
analytical characterization techniques such as SEM and XRD analysis. SEM analysis
showed a detailed 3D image of the AgNPs surface with a high magnification of 50,000 at
10 kV. The SEM images revealed that the nanoparticles are spherical and anisotropic while
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some nanoparticles were observed irregular in shape (Figure 1B). The SEM images also
confirmed that the nanoparticles are less than 100 nm in the size range.
The crystalline nature of the AgNPs was confirmed by performing the XRD analysis
of the powdered sample. The peak pattern and the diffraction phase angle of the phyto-
synthesized AgNPs are given in Figure 1 C. The diffraction peaks were observed at the angle
of 38◦, 44◦, 64◦ and 77◦, which are analogous to (111), (200), (220) and (311) Miller indices,
respectively. The XRD analysis exhibit sharp peak patterns that indicate the presence of
AgNPs in the sample. Our results are according to the previously published literature [24].
3.3. Agro-Morphological Parameter of Sunflower Plants Treated with AgNPs
Greenhouse experiments were performed to assess the effects of AgNPs on sunflower
plants’ morphological parameters. In the current study, the exogenous applications of
AgNPs on the sunflower seeds increased the plant height to 111 cm when a 60 mg/L
concentration of AgNPs was used to treat seeds. The minimum plant height (70 cm) was
reported when 100 mg/L concentration of AgNPs was applied in combination of foliar
sprays and seeds treatment while the height of the control plants without any treatment
was reported at 85 cm (Figure 2A) (p < 0.05). It was reported that AgNPs alter the chemical
nature of the plant growth media. The capillary action and the root pressure extracts excess
nutrient from the soil through the process of sedimentation. In addition, a strong and
extensive root branching system also enhances nutrient availability which helps to increase
the plant height and other morphological parameters [1,2].




Figure 2. Effects of different treatments of AgNPs on (A) plant height, (B) 100 seed weight, (C) seed volume weight per 
100 milliliters and (D) number of filled and unfilled seeds. Lowercase letters differed significantly at 5% probability levels, 
using Duncan’s Multiple Range Test (p < 0.05). 
In the current study, it was also examined that there was a reduction in the number 
of days of the flowering and 50% of flowering after the applications of AgNPs (Figure 3). 
The 50% of flowering was reduced to 61 days when 60 mg/L concentration of AgNPs were 
used in combination. The flowering was recorded at 59 days when 100 mg/L concentration 
of AgNPs was applied in the form of seed treatment (p < 0.05). These results show that the 
applications of AgNPs result in the reduction of the days to initiate flowering. Our find-
ings were similar to those in Reference [40]. 
Figure 2. Effects of different treat ents of g Ps on (A) plant height, (B) 100 seed weight, (C) seed volume weight per
100 milliliters and (D) number of filled and unfilled seeds. Lowercase letters differed significantly at 5% probability levels,
using Duncan’s Multiple Range Test (p < 0.05).
The head diameter reached its maximum (8.7 cm) at the concentration of 10 mg/L
and the minimum size (3.2 cm) was reported at 100 mg/L concentration of AgNPs as
compared to control (5.9 cm). The volume weight of seeds per 100 mL and 100 seed weight
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started increasing after the applications of AgNPs. The highest activity increase (132 g,
seed volume weight per 100 mL and 5,200 mg, 100 seed weight) was reported at 60 mg/L
of concentration when AgNPs were applied in combination of seed treatment and foliar
sprays (Figure 2B,C). The shoot length or the plant height revealed a useful link with
the head diameter of the flower, seed volume weight per 100 mL and 100 seed weight
(p < 0.05). These results indicated that the higher concentration of bio-fabricated AgNPs
was not effective for significant results. The applications of AgNPs beyond an optimal
concentration pose toxic effects and resulted in the inhibition of the growth activity which
was recorded by a decrease in plant agro-morphological parameters.
Interaction of the nanoparticles with the cellular physiological and molecular pro-
cesses varies from species to species and depends on the size, shape, biochemical nature and
concentration of nanoparticles [33–35]. The applications of the AgNPs helps in the efficient
uptake of the nutrient for the improvement of organic nitrogenous compounds, photosys-
tems, respiration, electron transport chain and oxidoreductive removal of reactive oxygen
species. However, the higher concentration of AgNPs on sunflower plants has toxic effects
which result in the reduction of agro-morphological and biochemical attributes [36,37].
A previous scientific investigation showed that the foliar spray of the low concentra-
tion of nano-zinc sulfide on sunflower plants increased the head diameter and the seed
weight [38,39]. The head diameter of the flower is closely associated with the number,
weight and size of the seeds. The number of the unfilled seeds showed a maximum (48)
when 60 mg/L concentration of AgNPs were used to treat seeds and unfilled seed weight
showed a maximum at 5,200 mg when 60 mg/L concentration of bio-fabricated AgNPs
were used in combination of seeds treatment and foliar sprays on plants (Figure 2D). The
highest number of unfilled seeds was calculated at 27 when a 10 mg/L concentration of
AgNPs was used in combination of foliar sprays and seed treatment (p < 0.05). It was also
reported that the number of the filled seeds reduced per capitulum in all treatments.
In the current study, it was also examined that there was a reduction in the number
of days of the flowering and 50% of flowering after the applications of AgNPs (Figure 3).
The 50% of flowering was reduced to 61 days when 60 mg/L concentration of AgNPs were
used in combination. The flowering was recorded at 59 days when 100 mg/L concentration
of AgNPs was applied in the form of seed treatment (p < 0.05). These results show that
the applications of AgNPs result in the reduction of the days to initiate flowering. Our
findings were similar to those in Reference [40].
3.4. Antioxidant Enzymatic Potential of the Sunflower Plants Treated with AgNPs
The plant cells produce reactive oxygen species during the metabolic activity of
NADPH oxidases which accumulate in different organelles of the plant cells, such as
chloroplast, mitochondria, endoplasmic reticulum and plasma cell membrane [41,42].
These reactive oxygen species play an important role in signal transduction to produce
enzymatic stress in the plant cell. The balance between the synthesis of ROS to main-
tain the cell defense and their neutralization is important to regulate the normal cellular
physiological functions [43,44].
In the present study, the enzymatic potential of the sunflower plant in response to
various concentrations of AgNPs was determined in terms of SOD and peroxidase activities
(Figure 4). The superoxide dismutase (SOD) increased their activity at 60 mg/L (foliar
spray) concentration of AgNPs, which showed 34 mg/protein, and minimum activity was
observed at 100 mg/L, which showed 17 mg/protein over the control (26 mg/protein)
(p < 0.05). Maximum activity of ascorbate peroxidase (APx) was reported at 60 mg/L con-
centration of AgNPs, which showed 46 mg/protein (foliar spray and seed treatment), and
minimum activity was observed at 100 mg/L (16 mg/protein, foliar spray) (p < 0.05). An
elevated level of SOD and APx in comparison to the control showed the stress-protective
response of the plant against the ROS created by AgNPs (p < 0.05). Ascorbate acts as an
excellent reducing agent to convert the H2O2 to H2O, catalyzed by the enzyme ascorbate
peroxidases [45]. Ascorbate peroxidase is localized in the plant cell, usually in chloro-
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plast, mitochondria, peroxisome and cytosol [25]. The reactive oxygen species in the
intracellular organelle can be controlled by the ROS-scavenging pathways. The ascorbate–
glutathione cycle plays a significant role in the consecutive oxidation and reduction of
ascorbate, glutathione and NADPH, catalyzed by the ascorbate peroxidase and superoxide
dismutase [25]. Findings from the current study show that the ascorbate–glutathione
cycle increased their activity at a concentration of 60 mg/L concentration of AgNPs when
applied in combinations. Similar results have been reported by Reference [45] for rice
plants, when the different concentrations of AgNPs increased the antioxidant activity to
ameliorate the biotic stress.
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3.5. Biochemical Parameter of the Sunflower Plants Treated with AgNPs
3.5.1. Chlorophyll Contents
The biochemical attributes of the sunflower plants were analyzed to investigate the
effects of the biosynthesized AgNPs. The determination of the contents of the photosyn-
thetic pigments plays a significant role to determine the efficiency of plants to produce
carbohydrate metabolites. Chlorophyll is an essential component of the chloroplast and
is directly involved in carbohydrate metabolism during the process of photosynthesis.
Photosynthesis plays a crucial role in plant growth and development, and the growth of
plants improv by increasing the chlorophyll content [45–47].
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Applications of AgNPs improved the chlorophyll a and chlorophyll b contents (Figure 5).
The maximum activity was reported at a 60 mg/L concentration of AgNPs when applied in
combinations while the activity was reduced at 10 mg/L concentration of AgNPs (p < 0.05).
Total chlorop yll contents increased at the 60 mg/L concent ation of AgNPs, and the activ-
ity was recorded at 53.5 µg/mL. The minimum tot l chlorophyll content was recorded at
22.0 µg/mL, when 10 mg/L concentration of AgNPs was appl ed in the form of foliar sprays
in c mpa ison to the control (40.21 µg/mL). Du to the increased conc ntrati n of AgNP
above the level of 60 mg/L, the AgNPs show a reduction in the activity of two important
enzymes δ-aminolaevulinic acid dehydratase (al dehydratase) and protochlorophyllide, which
ultimately result in to decline in the biosynthesis of chlorophyll [48,49].
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Figure 5. ff t di ferent treatments of AgNPs on chlorophyll content of sunflower. Lowercase lett s differed
significantly at 5% probability levels, using Duncan’s Multiple Range Test (p < 0.05).
Due to the presence of silver ions in the plant cells, the magnesium ions will not be
properly adjusted in the tetrapyrrole ring of the chlorophyll [48]. A study has found that
the AgNPs influence the light-harvesting protein complex II contents on the thylakoid
membrane, which increases the energy transfer in photosystem II [49,50]. References [39,49]
reported that the enhancement of hill reactions and chloroplast activity by TiO2 nanoparti-
cles resulted in oxygen liberation and ferricyanide photoreduction.
The oxidative stress caused by the presence of AgNPs affects the photosynthetic
apparatus, which in turn alters the physiological attributes of plants. Oxidative stress
is also responsible for decreasing the photosynthesis rate by disruption of the thylakoid
membrane and chlorophyll pigment in the plant cells [51–53].
3.5.2. Proline Content
Proline presence plays an important role to normalize the stress conditions. Proline
has a protective role to maintain an osmotic environment and redox balance. It also
plays a significant role to protect the proteins from denaturation due to the stress caused
by metallic nanoparticles thus maintains normal cellular physiological pathways [28,47].
A considerable increase in proline contents was observed in sunflower plants after the
applications of AgNPs. Maximum accumulation of proline was recorded at 7.5 µg/mL FW
when 40 mg/L concentration of AgNPs was used in the form of foliar sprays (Figure 6).
The lowest proline activity was recorded at 100 mg/L concentration of AgNPs when
applied in combination with foliar sprays and seed treatment, and the value was recorded
at 2.5 µg/mL FW over control (4.4 µg/mL FW) (p < 0.05). Nitrogen in proline is the source
of energy and plays a significant role as an osmoprotectant to maintain the stability of the
intracellular organelle. It was reported earlier that there was the minimum loss of oxidative
damage in the presence of proline under environmental stress [47].
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3.5.3. Soluble Sugar Contents
Soluble sugars play a promising role in plant defense mechanisms. According to the
results, a considerable amount of the soluble sugars was accumulated in the plants after the
applications of AgNPs, in comparison to the control plants (Figure 6). In the current study,
the increased soluble sugar content was recorded at a 40 mg/L concentration of AgNPs
when applied in combinations of seed treatment and foliar spray, while the value was
recorded at 32 µg/mL. A minimum activity was recorded at 21 µg/mL, when 100 mg/L
concentration of AgNPs was used in the form of seed treatment over control (30 µg/mL)
(p < 0.05). It was reported earlier that the exposure of AgNPs increases the concentration of
soluble sugar contents, which increases the reactive oxygen species, while the glutathione
level goes down [54].
3.5.4. Protein and Amino Acid Contents
Silver nanoparticles increased the protein activity at the concentration of 40 mg/L,
when the seeds were treated and the values were recorded at 54 µg/mL FW, and the
minimum value was recorded at 18 µg/mL FW when a 100 mg/L concentration of AgNPs
was applied in combinations over control (40 µg/mL FW) treatment (p < 0.05) (Figure 6).
The amino acid has represented an increase in the activity of all treatments over
control, which showed at 21,480 µg/mL FW (Figure 7) (p < 0.05). A similar result was
reported when different concentrations (0, 30, 60 and 90 mg/L) of AgNPs were applied on
Pisum sativum which reported a marked increase in protein and carbohydrate contents [55].
Increased protein content was also examined by applying the different concentrations of
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AgNPs on tomato plants [56]. It was also observed that increased protein quantity delimits
the amino acid content by the application of AgNPs. The free amine group of protein
attaches AgNPs; thus, stabilization by surface membrane protein is initiated [57]. Silver
influences the proteins that are involved in the oxidation and reduction reaction, thus
creating a harmful impact on homeostasis regulation [58].
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3.6. Seed Quality Parameter and Fatty Acid Profiling of Sunflower Plants After the Applications
of AgNPs
Sunflower oil is an important food source due to the presence of significant nutrient
contents. A significant increase in the concentration of the linoleic acid was observed at
40 mg/L concentration of silver nanoparticles which was recorded at 58.58% and mini-
mum values were recorded at 100 mg/L, which showed 56% over control (57%) (Table 2)
(p < 0.05). The stearic acid contents decreased in all concentrations of silver nanoparticles
over control (6.6%), while the contents of the palmitic acid showed a minute increase
(4.05%) at a concentration of 20 mg/L of AgNPs and minimum values were recorded at 3%
when 40 mg/L concentration of AgNPs were used over control (4%) (p < 0.05).
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Table 2. Seed-quality parameters in terms of oilseed and fatty acid contents of sunflower.
Treatments
Seed Quality Parameter
Oil Content % Palmitic Acid % Stearic Acid % Oleic Acid % Linolenic Acid %
T0 0.54 d 6.6 a 4 b 28.56 e 58.53 c
T1 0.56 d 6.1 a 3.97 ab 28.9 e 58.53 c
T2 0.59 cd 5.93 b 3.82 ab 29.12 cd 59.23 d
T3 0.66 a 5.9 b 3 a 29.25 cd 59.8 d
T4 0.61 c 5.98 b 3.6 d 29 a 59.2 d
T5 0.57 cd 6.01 a 3.97 ab 28.7 e 58.86 c
T6 0.52 cd 6.38 a 4.2 b 28.43 e 58.37 c
T7 0.48 e 4.7 bc 3.73 cd 29.02 a 58.56 c
T8 0.54 cd 4.65 bc 3.7 cd 29.03 a 58.37 c
T9 0.58 cd 4.5 c 3.62 c 29.4 a 57.56 b
T10 0.59 cd 4.72 bc 3.75 cd 29.1 a 57.48 b
T11 0.56 d 4.82 bc 3.79 cd 29.8 cd 57.4 b
T12 0.5 d 4.97 bc 3.84 d 29.76 cd 57.3 b
T13 0.49 e 4.77 bc 3.8 d 29.53 cd 57.15 a
T14 0.54 d 4.71 bc 3.72 cd 29.01 a 56.94 ab
T15 0.58 cd 4.64 bc 3.67 c 28.72 e 56.74 a
T16 0.65 b 4.56 d 3.61 c 28.64 e 56.7 a
T17 0.61 c 4.67 bc 3.68 c 28.55 e 56.6 a
T18 0.57 cd 4.75 bc 3.73 cd 28.61 e 56.53 a
Lowercase letters differed significantly at 5% probability levels, using Duncan’s Multiple Range Test (p < 0.05).
In the current research, the oil contents increased (0.66%) significantly at a 40 mg/L
concentration of AgNPs and the minimum value was recorded at 0.46% over control (0.54%)
when a 100 mg/L concentration of AgNPs were applied. Oleic acid contents were increased
at a concentration of 80 mg/L of silver nanoparticles which showed a 29% increase and a
minimum value was recorded at 27% when 100 mg/L concentration of AgNPs was used
over control (28%) (p < 0.05). According to Yaseen et al. (2015), the use of AgNPs interferes
with the orotic acid which reduces the quantity of saturated fatty acid and increases the
quantity of unsaturated fatty acid (linoleic, α-linolenic and oleic acid). Oleic acid and
linolenic acid are the bioactive metabolites of the sunflower plants that play their role in
the synthesis of oil. A fatty acid is usually degraded by fatty acid hydrolases; therefore,
a 30% to 50% reduction in the fatty acid synthesis and oilseed content was observed.
Reference [13] reported that applications of AgNPs (25 mg/L and 50 mg/L) on sunflower
increased linolenic acid content but the stearic acid content has been decreased as profiled
in Table 1.
4. Conclusions
Food scarcity is a major challenge that the world is facing these days. The improvement
of the plant yield and the quality can play a promising role to successfully tackle this
growing need. In this study, we reported the green synthesis of silver nanoparticles by
using the leaves’ aqueous extract of Euphorbia helioscopia. The morphological and optical
analytical techniques confirmed the synthesis, and the nanoparticles were observed as
being crystalline, having a size range of 30–100 nm. It was observed experimentally that the
applications of silver nanoparticles on seeds and the foliar sprays have a positive impact
on sunflower plants’ agro-morphological, antioxidant, enzymatic and oilseed and fatty
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acid contents. The applications of silver nanoparticles increased the flower head diameter,
which was attributed to an increase in the seed weight and seed number. These findings
conclude that the combinatorial applications of silver nanoparticles play a significant role
to promote plant growth and development by altering the molecular and biochemical
pathways. This experimental evidence provides a baseline study for the in-depth analysis
to increase the secondary metabolites, oil contents and fatty acid profile of the sunflower at
the industrial level and their commercialization.
Author Contributions: Conceptualization, S.U.B., B.J., S. and Z.-u.-R.M.; methodology, S.U.B., B.J.,
S. and N.I.R.; software, S.U.B., B.J., S., S.S.Z. T.K., H.A.S.A., S.M.A., A.A.M.A.-M., M.H. and S.A.;
validation, B.J.; formal analysis, S.U.B., B.J., S.S.Z. and S.; resources, B.J., Z.-u.-R.M., H.A.S.A., S.M.A.,
A.A.M.A.-M., M.H. and S.A.; data curation, B.J.; writing—original draft, S.U.B., B.J. and S.; writing—
review and editing, B.J.; visualization, S.U.B. S.S.Z. and B.J.; supervision, B.J. and Z.-u.-R.M.; project
administration, B.J., and Z.-u.-R.M.; funding acquisition, B.J., H.A.S.A., S.M.A., A.A.M.A.-M., M.H.
and S.A. All authors have read and agreed to the published version of the manuscript.”
Funding: This research was funded by King Khalid University, grant number R.G.P. 1/25/42.
Data Availability Statement: Complete data is available in the manuscript.
Acknowledgments: The authors extend their appreciation to the Deanship of Scientific Research,
King Khalid University for funding this work through a research groups’ program under grant
number R.G.P. 1/25/42.
Conflicts of Interest: The authors declare no conflict of interest.
Ethics Approval: The authors followed the institutional, national and international guidelines to use
the nanoparticles. This study does not involve any human experiments.
References
1. Satti, S.H.; Raja, N.I.; Javed, B.; Akram, A.; Mashwani, Z.-R.; Ahmad, M.S.; Ikram, M. Titanium dioxide nanoparticles elicited
agro-morphological and physicochemical modifications in wheat plants to control Bipolaris sorokiniana. PLoS ONE 2021,
16, e0246880. [CrossRef] [PubMed]
2. Ahmed, F.; Javed, B.; Razzaq, A.; Mashwani, Z.U.R. Applications of copper and silver nanoparticles on wheat plants to induce
drought tolerance and increase yield. IET Nanobiotechnol. 2021, 15, 68–78. [CrossRef]
3. Ikram, M.; Raja, N.I.; Javed, B.; Mashwani, Z.-R.; Hussain, M.; Hussain, M.; Ehsan, M.; Rafique, N.; Malik, K.; Sultana, T.; et al.
Foliar applications of bio-fabricated selenium nanoparticles to improve the growth of wheat plants under drought stress.
Green Process. Synth. 2020, 9, 706–714. [CrossRef]
4. Duhan, J.S.; Kumar, R.; Kumar, N.; Kaur, P.; Nehra, K.; Duhan, S. Nanotechnology: The new perspective in precision agriculture.
Biotechnol. Rep. 2017, 15, 11–23. [CrossRef]
5. Ram, P.; Vivek, K.; Kumar, S.P. Nanotechnology in sustainable agriculture: Present concerns and future aspects. Afr. J. Biotechnol.
2014, 13, 705–713. [CrossRef]
6. Almutairi, Z.M.; Alharbi, A. Effect of Silver Nanoparticles on Seed Germination of Crop Plants. J. Adv. Agric. 2015, 10, 283–288.
[CrossRef]
7. Yaseen, A.; Wasan, M. Response of Sunflower (Helianthus annuus L.) to Spraying of Nano Silver, Organic Fertilizer (Algastar)
and Salicylic Acid and Their Impact on Seeds Content of Fatty Acids and Vicine. Am. J. Exp. Agric. 2015, 9, 1–12. [CrossRef]
8. Javed, B.; Ikram, M.; Farooq, F.; Sultana, T.; Mashwani, Z.-R.; Raja, N.I. Biogenesis of silver nanoparticles to treat cancer, diabetes,
and microbial infections: A mechanistic overview. Appl. Microbiol. Biotechnol. 2021, 150, 2261–2275. [CrossRef]
9. Ikram, M.; Javed, B.; Raja, N.I.; Mashwani, Z.-R. Biomedical Potential of Plant-Based Selenium Nanoparticles: A Comprehensive
Review on Therapeutic and Mechanistic Aspects. Int. J. Nanomed. 2021, 16, 249–268. [CrossRef]
10. Javed, B.; Raja, N.I.; Nadhman, A.; Mashwani, Z.-R. Understanding the potential of bio-fabricated non-oxidative silver nanoparti-
cles to eradicate Leishmania and plant bacterial pathogens. Appl. Nanosci. 2020, 10, 2057–2067. [CrossRef]
11. Pérez-Vich, B.; Velasco, L.; Fernández-Martínez, J.M. Determination of seed oil content and fatty acid composition in sunflower
through the analysis of intact seeds, husked seeds, meal and oil by near-infrared reflectance spectroscopy. J. Am. Oil Chem. Soc.
1998, 75, 547–555. [CrossRef]
12. Cantagallo, J.E.; Hall, A.J. Reduction in the number of filled seed in sunflower (Helianthus annuus) by light stress. In Proceedings
of the 15th International Sunflower Conference, Tolouse, France, 15 June 2000.
13. Grunvald, A.K.; de Carvalho, C.G.P.; Santos Leite, R.; Gontijo Mandarino, J.M.; Andrade, C.A.; Alberto Scapim, C. Predicting the
oil contents in sunflower genotype seeds using near- infrared reflectance (NIR) spectroscopy. Acta Sci. Agron. 2014, 36, 233–237.
[CrossRef]
Nanomaterials 2021, 11, 1750 17 of 18
14. Binkoski, A.E.; Kris-Etherton, P.M.; Wilson, T.A.; Mountain, M.L.; Nicolosi, R.J. Balance of unsaturated fatty acids is important to
a cholesterol-lowering diet: Comparison of mid-oleic sunflower oil and olive oil on cardiovascular disease risk factors. J. Am.
Diet. Assoc. 2005, 105, 1080–1086. [CrossRef]
15. Bahadori, M.B.; Zengin, G.; Bahadori, S.; Dinparast, L.; Movahhedin, N. Phenolic composition and functional properties of wild
mint (Mentha longifolia var. calliantha (Stapf) Briq.). Int. J. Food Prop. 2018, 21, 198–208. [CrossRef]
16. Santhoshkumar, T.; Rahuman, A.A.; Jayaseelan, C.; Rajakumar, G.; Marimuthu, S.; Kirthi, A.V.; Velayutham, K.; Thomas, J.;
Venkatesan, J.; Kim, S.-K. Green synthesis of titanium dioxide nanoparticles using Psidium guajava extract and its antibacterial
and antioxidant properties. Asian Pac. J. Trop. Med. 2014, 7, 968–976. [CrossRef]
17. Alam, H.; Khatoon, N.; Raza, M.; Ghosh, P.C.; Sardar, M. Synthesis and Characterization of Nano Selenium Using Plant
Biomolecules and Their Potential Applications. Bionanoscience 2019, 9, 96–104. [CrossRef]
18. Nounou, M.I.; Elamrawy, F.; Ahmed, N.; Abdelraouf, K.; Goda, S.; Syed-Sha-Qhattal, H. Breast cancer: Conventional diagnosis
and treatment modalities and recent patents and technologies supplementary issue: Targeted therapies in breast cancer treatment.
Breast Cancer Basic Clin. Res. 2015, 9, 17–34. [CrossRef]
19. Shukla, P.; Chaurasia, P.; Younis, K.; Qadri, O.S.; Faridi, S.A.; Srivastava, G. Nanotechnology in sustainable agriculture: Studies
from seed priming to post-harvest management. Nanotechnol. Environ. Eng. 2019, 4, 11. [CrossRef]
20. Fraceto, L.F.; Grillo, R.; de Medeiros, G.A.; Scognamiglio, V.; Rea, G.; Bartolucci, C. Nanotechnology in agriculture: Which
innovation potential does it have? Front. Environ. Sci. 2016, 4, 20. [CrossRef]
21. Javed, B.; Nadhman, A.; Mashwani, Z.U.R. Phytosynthesis of Ag nanoparticles from Mentha longifolia: Their structural evaluation
and therapeutic potential against HCT116 colon cancer, Leishmanial and bacterial cells. Appl. Nanosci. 2020. [CrossRef]
22. Javed, B.; Nadhman, A.; Razzaq, A.; Mashwani, Z. One-pot phytosynthesis of nano-silver from Mentha longifolia L.: Their
characterization and evaluation of photodynamic potential. Mater. Res. Express 2020, 7, 055401. [CrossRef]
23. Javed, B.; Mashwani, Z.U.R. Phytosynthesis of colloidal nanosilver from Mentha longifolia and Mentha arvensis: Comparative
morphological and optical characterization. Microsc. Res. Tech. 2020, 83, 1299–1307. [CrossRef]
24. Javed, B.; Nadhman, A.; Mashwani, Z. Optimization, characterization and antimicrobial activity of silver nanoparticles against
plant bacterial pathogens phyto-synthesized by Mentha longifolia. Mater. Res. Express 2020, 7, 085406. [CrossRef]
25. Harrach, B.D.; Fodor, J.; Pogány, M.; Preuss, J.; Barna, B. Antioxidant, ethylene and membrane leakage responses to powdery
mildew infection of near-isogenic barley lines with various types of resistance. Eur. J. Plant Pathol. 2008, 121, 21–33. [CrossRef]
26. Hoang, S.A.; Nguyen, L.Q.; Nguyen, N.H.; Tran, C.Q.; Nguyen, D.V.; Vu, Q.N.; Phan, C.M. Metal nanoparticles as effective
promotors for Maize production. Sci. Rep. 2019, 9, 13925. [CrossRef] [PubMed]
27. Sarwer, A.; Javed, B.; Soto, E.B.; Mashwani, Z. Impact of the COVID-19 pandemic on maternal health services in Pakistan. Int. J.
Health Plann. Manag. 2020, 35, 1306–1310. [CrossRef]
28. Monreal, J.A.; Jiménez, E.T.; Remesal, E.; Morillo-Velarde, R.; García-Mauriño, S.; Echevarría, C. Proline content of sugar beet
storage roots: Response to water deficit and nitrogen fertilization at field conditions. Environ. Exp. Bot. 2007, 60, 257–267.
[CrossRef]
29. Rehman, A.; Rehman, S.; Khatoon, A.; Qasim, M.; Itoh, T.; Iwasaki, Y.; Wang, X.; Sunohara, Y.; Matsumoto, H.; Komatsu, S.
Proteomic analysis of the promotive effect of plant-derived smoke on plant growth of chickpea. J. Proteom. 2018, 176, 56–70.
[CrossRef]
30. Azooz, M.M.; Abou-elhamd, M.F.; Al-fredan, M.A. Biphasic effect of copper on growth, proline, lipid peroxidation and antioxidant
enzyme activities of wheat ( Triticum aestivum cv. Hasaawi) at early growing stage. Aust. J. Crop Sci. 2012, 6, 688–694.
31. Javed, B.; Mashwani, Z.-R. Synergistic Effects of Physicochemical Parameters on Bio-Fabrication of Mint Silver Nanoparticles:
Structural Evaluation and Action against HCT116 Colon Cancer Cells. Int. J. Nanomed. 2020, 15, 3621–3637. [CrossRef]
32. Javed, B.; Mashwani, Z.; Sarwer, A.; Raja, N.I.; Nadhman, A. Synergistic response of physicochemical reaction parameters on
biogenesis of silver nanoparticles and their action against colon cancer and leishmanial cells. Artif. Cells Nanomed. Biotechnol.
2020, 48, 1340–1353. [CrossRef]
33. Beddoes, C.M.; Case, C.P.; Briscoe, W.H. Understanding nanoparticle cellular entry: A physicochemical perspective. Adv. Colloid.
Interface Sci. 2015, 218, 48–68. [CrossRef] [PubMed]
34. Ruthardt, N.; Lamb, D.C.; Bräuchle, C. Single-particle tracking as a quantitative microscopy-based approach to unravel cell entry
mechanisms of viruses and pharmaceutical nanoparticles. Mol. Ther. 2011, 19, 1199–1211. [CrossRef] [PubMed]
35. Karami Mehrian, S.; De Lima, R. Nanoparticles cyto and genotoxicity in plants: Mechanisms and abnormalities. Environ.
Nanotechnol. Monit. Manag. 2016, 6, 184–193. [CrossRef]
36. Das, P.; Barua, S.; Sarkar, S.; Karak, N.; Bhattacharyya, P.; Raza, N.; Kim, K.H.; Bhattacharya, S.S. Plant extract–mediated green
silver nanoparticles: Efficacy as soil conditioner and plant growth promoter. J. Hazard. Mater. 2018, 346, 62–72. [CrossRef]
37. Verma, S.K.; Das, A.K.; Patel, M.K.; Shah, A.; Kumar, V.; Gantait, S. Engineered nanomaterials for plant growth and development:
A perspective analysis. Sci. Total Environ. 2018, 630, 1413–1435. [CrossRef]
38. Raliya, R.; Tarafdar, J.C. Biosynthesis and characterization of zinc, magnesium and titanium nanoparticles: An eco-friendly
approach. Int. Nano Lett. 2014, 4, 93. [CrossRef]
39. Monica, R.C.; Cremonini, R. Nanoparticles and higher plants. Caryologia 2009, 62, 161–165. [CrossRef]
40. Carrillo-López, L.M.; Morgado-González, A.; Morgado-González, A. Biosynthesized Silver Nanoparticles Used in Preservative
Solutions for Chrysanthemum cv. Puma. J. Nanomater. 2016, 2016, 1769250. [CrossRef]
Nanomaterials 2021, 11, 1750 18 of 18
41. Khalil, I.; Yehye, W.A.; Etxeberria, A.E.; Alhadi, A.A.; Dezfooli, S.M.; Julkapli, N.B.M.; Basirun, W.J.; Seyfoddin, A. Nanoantioxi-
dants: Recent trends in antioxidant delivery applications. Antioxidants 2020, 9, 24. [CrossRef]
42. Caverzan, A.; Casassola, A.; Brammer, S.P. Antioxidant responses of wheat plants under stress. Genet. Mol. Biol. 2016, 39, 1–6.
[CrossRef]
43. Zia, M.; Yaqoob, K.; Mannan, A.; Nisa, S.; Raza, G.; ur Rehman, R. Regeneration response of carnation cultivars in response of
silver nanoparticles under in vitro conditions. Vegetos 2019, 33, 11–20. [CrossRef]
44. Noori, A.; Donnelly, T.; Colbert, J.; Cai, W.; Newman, L.A.; White, J.C. Exposure of tomato (Lycopersicon esculentum) to silver
nanoparticles and silver nitrate: Physiological and molecular response. Int. J. Phytoremediation 2019, 22, 40–51. [CrossRef]
[PubMed]
45. Gupta, S.D.; Agarwal, A.; Pradhan, S. Phytostimulatory effect of silver nanoparticles (AgNPs) on rice seedling growth: An insight
from antioxidative enzyme activities and gene expression patterns. Ecotoxicol. Environ. Saf. 2018, 161, 624–633. [CrossRef]
46. Ali, S.; Rizwan, M.; Hussain, A.; Zia ur Rehman, M.; Ali, B.; Yousaf, B.; Wijaya, L.; Alyemeni, M.N.; Ahmad, P. Silicon nanoparticles
enhanced the growth and reduced the cadmium accumulation in grains of wheat (Triticum aestivum L.). Plant Physiol. Biochem.
2019, 140, 1–8. [CrossRef] [PubMed]
47. Sharma, P.; Bhatt, D.; Zaidi, M.G.H.; Saradhi, P.P.; Khanna, P.K.; Arora, S. Silver nanoparticle-mediated enhancement in growth
and Antioxidant Status of Brassica juncea. Appl. Biochem. Biotechnol. 2012, 167, 2225–2233. [CrossRef]
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